Small modular reactors (SMRs) offer simple, standardized, and safe modular designs for new nuclear reactor construction. They are factory built, requiring smaller initial capital investment and facilitating shorter construction times. SMRs also promise competitive economy when compared with the current reactor fleet. Construction cost of a majority of the projects, which are mostly in their design stages, is not publicly available, but variable costs can be determined from fuel enrichment, average burn-up, and plant thermal efficiency, which are public parameters for many near-term SMR projects. The fuel cost of electricity generation for selected SMRs and large reactors is simulated, including calculation of optimal tails assay in the uranium enrichment process. The results are compared between one another and with current generation large reactor designs providing a rough comparison of the long-term economics of a new nuclear reactor project. SMRs are predicted to have higher fuel costs than large reactors. Particularly, integral pressurized water reactors (iPWRs) are shown to have from 15% to 70% higher fuel costs than large light water reactors using 2014 nuclear fuels market data. Fuel cost sensitivities to reactor design parameters are presented.
Introduction
There are over 60 electricity-generating nuclear reactors under construction around the world as of March 2013 * Corresponding author. [1] . Of these, only six units are considered small reactors with power ratings below 400 MWe (megawattselectric): two 30 MWe units in Russia, two 100 MWe units in China and two 320 MWe units in Pakistan [2] . In the Americas, Asia, and Europe, reactor vendors have adopted a philosophy of small modular reactor designs to reduce the capital cost and increase the number of suitable sites for new nuclear electric generation projects. These small designs are offered in addition to conventional large reactor designs to suit a variety of utility needs. The two classes of nuclear reactors (small modular and large) are expected to have different overnight, financing, and variable costs.
The development of small electric-generating nuclear reactors was strongly influenced by naval applications. These naval reactors and scaled-down versions of existing large nuclear power plants have inspired current SMR designs which can be broadly classified as integral pressurized water reactors (iPWRs), marine-derivative PWRs, boiling water reactors (BWRs), pressurized heavy water reactors (PHWRs), gas-cooled, liquid metal-cooled, and various non-conventional designs [3] - [5] . Integral pressurized water reactors (iPWRs) integrate the steam generator and pressurizer into the core pressure vessel. SMRs can be divided into two broad groups based on their design and licensing status: those for early deployment based on a proven LWR technology, and those for longer-term deployment, based on other innovative designs. Other authors have written extensively on the potential for and variety of SMR designs [6] .
Generally, SMRs offer utilities the opportunity to add nuclear generating capacity with a smaller total project cost than large LWRs. Construction cost is significant to the total cost of any nuclear power project. However, after the construction cost is amortized the fuel, operations and maintenance costs drive the cost of electric generation. In other words, construction cost drives the economics in the short and medium terms, but fuel cost is important for the long term. Economies of scale tend to favor larger plants over small plants on variable costs. While the smaller SMRs may save on construction cost compared to LWRs, their variable cost of electric generation is not openly reported. In this paper, emphasis is placed on assessing the economic viability of a few selected near-term SMR designs. Through this assessment, areas for economic improvement of SMR nuclear designs will be identified.
Since the fuel of current LWRs is very similar to the fuel of several SMRs derived from them, it is straightforward to compare fuel costs of the two concepts, giving a comparison of variable costs of the two reactor classes. These papers summarize the fuel cost issue and put it into perspective with the initial capital investment, economy of scale and overall cost of construction [7] [8] . The SMR designs that use gas, liquid metal or molten salt coolants have significantly different fuel designs from the low enriched uranium dioxide fuel used in current LWRs and PWR-derived SMR designs. Therefore only the PWR-derived SMR designs are fully suitable for direct SMR to LWR fuel cost comparison.
In this paper, five SMRs based on LWRs were chosen. All SMR reactors in the study are still in pre-build or pre-licensing stages, so the design characteristics are nominal and subject to change by their designers. The five other PWR-derived designs for near term land deployment in this study are: NuScale, mPower, SMART, the Westinghouse SMR, and HI-SMUR. The NuScale power reactor is a 45 MWe reactor based on a PWR design to be installed underground with up to six units sharing a common housing [9] . The B&W mPower reactor was announced to be installed in modules of 125 MWe with a long operating cycle between refuelings [10] . The South Korean SMART (System-integrated Modular Advanced ReacTor) is being developed by KAERI with a thermal power of 330 MWt to be used for both electric generation and water desalination or other process heat applications [11] . The Westinghouse Small Modular Reactor (W-SMR) builds upon the design concepts of the much larger AP1000 reactor currently under construction in China and the United States. The Westinghouse SMR was announced to be a 200 MWe integral pressurized water reactor using a derivative of AP 1000 fuel [12] . Holtec Inherently Safe Modular Underground Reactor, (HI-SMUR) was announced to be a 140 MWe reactor design does not require coolant pumps as it relies on natural convection. It does not depend on off-site power for safe shutdown and thus qualifies as inherently safe. As its name implies, the HI-SMUR is to be built underground [13] . The HI-SMUR is not considered an integral PWR because its steam generators are not integrated into the reactor vessel.
Six well-known light water reactors and one large heavy water reactor were chosen to represent currently available options on the nuclear reactor market. The VVER 1000 class represents the standard Russian pressurized water reactor offered by Atomstroyexport. It is available in several power variants. Many units were built in Russia, India, China, and other countries [14] . The AP 1000 is the Westinghouse pressurized water reactor currently under construction in USA and China [15] . The ABWR is the Japanese boiling water reactor offered by Toshiba and Hitachi and already operated in Japan and Taiwan [16] . The EPR is Areva pressurized water reactor under construction in Finland, France, and China [17] . The US-EPR is the variant for the US market. The US-APWR is a large pressurized water reactor designed by Mitsubishi Heavy Industries [18] . The ESBWR is a boiling water reactor designed by Hitachi and General Electric [19] . Finally, the Enhanced CANDU-6 is the heavy water designed in Canada [20] . It uses uranium at natural enrichment, but requires heavy water moderator in the core.
Methods
A light water moderated reactor using uranium fuel requires fuel with a U 235 concentration above that of natural uranium. The economics of uranium enrichment are well known and are described in literature [21] . To calculate fuel price in a nuclear system using enriched uranium fuel, one must know the price of enriched uranium used to make the fuel. This price depends on the enrichment of the fuel, a reactor design parameter. Furthermore, three market parameters are needed to calculate the price of enriched uranium: the price of 3 8 U O from a uranium mill, the price of conversion of 3 8 U O into the gaseous 6 UF for enrichment, and the price of SWU (separative work units). The number of SWUs required to enrich to a certain level is a measure of the electric energy required to perform the enrichment. All three of these costs are available from the Uranium Consulting Company's uranium price indices [22] .
The cost of fabricating nuclear fuel assemblies from enriched uranium is proprietary to the nuclear fuel producer and is strongly dependent on the type of fuel assembly chosen for a reactor. Integral PWR fuel is not expected to vary in the fuel fabrication techniques used for large LWRs. In a 1994 study, fuel fabrication prices are given with a range between $200 and $400 per kg U, with the higher costs for fuel designed to withstand a higher burnup. In that study, a value of $275/kg U is assumed for fabrication cost [23] . A more recent 2010 study by EPRI uses a nominal $200/kg U for PWR fuel fabrication cost [24] . A constant value of $275/kg U will be used for fabrication cost throughout this study.
To specify the cost of mining, conversion and enrichment nuclear fuel per kWh, a simple formula will be used. When the price of nuclear material is known, the fuel cost of electrical energy produced by unit of nuclear fuel can be evaluated as:
where P is fuel cost in ¢/kWh, U is price of enriched uranium product in $/kg of uranium, η is plant net efficiency, and B is burn-up in MWd/kg of uranium. The factor of 240 comes from the units conversion of days into hours and $/MWh into ¢/kWh. For fuel cost minimization as attempted in enrichment plants, the uranium enrichment process must be optimized.
Uranium Enrichment Optimization
In the first step of the optimization, the optimal depletion rate of the tailing uranium is computed according the following procedure, as shown by Benedict and Pigford in [26] . Separative capacity, SC , is defined by the following formula:
where W stands for waste (tails) rate in kilograms per unit time, P for product rate in kilograms per unit time, F for feed rate in kilograms per unit time. The mass fraction of 235 U are W x as waste enrichment (tails assay), P x as product enrichment, and F x as feed uranium enrichment. Separative capacity represents a measure of the rate at which an enrichment cascade performs the separation and is used as a measure of isotope separation work magnitude. In the isotope separation plant, the initial cost of the separation plant is proportional to the separative capacity of the plant. The annual operating costs are proportional to the separative work done per year. Separative work, SW , is measure of the amount of separation achieved by a cascade producing W M kilograms of waste and P M kilograms of product from F M kilograms of feed, and is assigned as:
The annual charges for enrichment plant investment plus annual operating costs exclusive of feed is S SC c ⋅ in $/year, where SC is the annual separative capacity in kilograms of uranium per year, and S c is the unit cost of separative work in dollars per kilogram of separative work units ($/kg-SWU). If F M kg of feed is charged per year at a unit cost of F c $/kg, the total annual cost c is:
If P kg of product is made per year, the unit cost of product, p c , is:
Applying the conservation of mass equation, , F P W M M M = + (6) and the conservation of the 235 U mass equation,
to the enrichment plant gives two mass ratios as functions of the three mass fractions in Equations (8) and (9).
The amount of separative work required in the up-stream enriching section is independent of tails composition. But the cost of separative work required in the stripping down-stream section varies from zero when W F x x = to infinity when W x = Conversely, the cost of feed varies from infinity when W F x x = to a minimum at W x = 0. There is therefore an optimum tails assay,
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, at which the sum of the cost of separative work and the cost of natural uranium feed is a minimum. Optimum tails composition occurs when:
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Fuels Market Price Inputs
The enriched uranium cost for the selected power plants, the prices of material, conversion, and enrichment are shown in Table 1 . Price input parameters are volatile and their evolution over time is shown in Figure 1 and 
Results
Based on historical enrichment, conversion and uranium costs, a simulation for a given time horizon was performed using correlated simulated input variables. The calculation for all reactors resulted in full distribution of fuel cost and sensitivities to increased burn-ups. The simulated fuel cost for new large LWRs is 3.86 $/MWh. The simulated iPWR (excludes HI-SMUR) design average fuel costs are between 3.95 and 7.47 $/MWh with an average for the iPWR reactor class of 5.84 $/MWh as shown in Table 3 . Hence an increase between +15% to +70% can be expected for iPWR SMR fuel cost compared to new large LWR fuel cost. The simulated mean and standard deviation fuel cost for every reactor studied is presented in Table 4 . The reactor types are ordered from lowest mean fuel cost to highest. The large light water reactors had the lowest mean fuel cost per unit electric energy produced. In the simulation, the large heavy water moderated reactor had a 42% higher mean fuel cost than large light water reactors. However, it must be remembered that the fabrication cost that includes the processes of cladding, assembling, and shipping new fuel elements was estimated at $275/kg U regardless of the fuel design. The fabrication cost for CANDU fuel may be somewhat different than the fabrication cost for LWR fuel. As shown in Figure 10 and Figure 11 , heavy water reactor fuel cost is more dependent on fabrication cost than light water reactor fuel, as is to be expected for a natural enrichment fuel.
Assuming the economies of scale of large reactors (reduced neutron leakage and thermal energy losses) one would expect lower fuel cost for larger SMR units. The results do not follow this trend. Rather, SMR designers often aim for fuel management goals like long times between refueling outages or using reactor heat to desalinate seawater, both of which raise the fuel cost of electricity produced for one design over another. Current fuel management goals for SMRs are not related to reactor electric power rating in the 45 to 300 MW electric power rating range. This may change as SMR designs mature and utilities build and operate SMRs.
Sensitivity analysis directly shows which parameters influence the fuel cost. Hence a sensitivity analysis of mean fuel cost to burnup was performed; the results are shown in Figure 3 . From industry history, one can expect that plant owners will try to improve fuel economy by pushing burn-ups higher [26] through core materials modifications after a reactor is built and operating.
Plant net efficiency is not only design dependent but also strongly site dependent, so the sensitivity was calculated and the results are shown in Figure 4 . Similarly, deducing from improvements in thermodynamic efficiency over the last 40 years, one assumes fuel economy will be improved by better net efficiency during plant operations and in newer plant builds. The curves in Figure 4 can also be used to estimate the fuel cost for a site-specific net thermodynamic efficiency. Higher fuel enrichment on its own, as illustrated on Figure 5 , has a negative impact of fuel economy. However, as higher fuel enrichment goes hand in hand with a higher burn-up (other fuel limits permitting), the enrichment dependency must be presented along with the burn-up dependency for a complete picture.
Histograms of model simulation outputs are presented for the heavy water reactor, a large light water reactor and two integral pressurized water reactor SMRs in Figures 6-9 .
Pie charts of the simulated average cost of each component of fuel cost are given for the heavy water reactor, a large light water reactor and two integral pressurized water reactor SMRs in Figures 10-13 . Because the heavy water reactor (Enhanced CANDU 6) uses natural uranium enrichment, it has no separation or enrichment cost. 
Conclusions
It is expected that SMRs may be easier to license and find more acceptable by the general public then current LWRs. However, the predicted fuel cost is 15% -70% higher for integral pressurized water reactor type small and modular reactors than for currently operating or under-construction large reactors. Other studies indicate that the fixed construction cost of small and large nuclear power stations have a similar behavior [7] . In conclusion, the projected range of the fuel cost when producing electricity from SMRs shows these reactors are more fuel-wise expensive than current large LWRs.
There are a few caveats to this analysis: The resulting averages presented above should not be used to compare one design to another as the model inputs give a snapshot of reactor design parameters in 2011 and simulated fuel market parameters in 2014. Specific designs may have experienced design changes in enrichment, burnup and thermodynamic efficiency. However, the averages are well-suited to compare one class of reactors to another. Plant thermodynamic efficiency is site-specific (ambient temperature of the cooling water source) and can thus change model inputs. Furthermore, as operating experience leads to efficiency in SMR operation, discharge burn-up and thermal efficiency are expected to rise, driving the fuel cost down. This pattern was experienced with LWRs when discharge burn-ups nearly doubled from 1970 to 2005 [26] . However, technologies that allow for increased fuel burn-up will improve the future fuel economics of both large and small reactors.
